Amino acid transporters (AATs) are ubiquitously expressed in the body and are substantial channels to pump nutrients against concentration gradients into cells (1, 2) . Besides transporting necessary nutrients, AATs also serve as neurotransmitter symporters to support communication between neurons in the brain (3) . Abnormal expression of AATs is often an indicator of addiction, Parkinson's disease, epilepsy, or mental disorders, such as depression (4, 5) . Moreover, AATs are up-regulated in many types of cancer (6, 7) and provide nutrients essential for the survival and proliferation of cancer cells (8) . A direct relationship has been found between the transportation of AAs and cancer cell replication (9) . Therefore, AAT-mediated positron emission tomography (PET) tracers that can accurately and noninvasively assess the expression of AATs in patients are highly desirable for brain research, clinical diagnosis, patient management, and evaluation of anticancer drugs (6) .
Despite tremendous research efforts since the 1970s (10-12), major deficiencies still remain in the development of AAT-meditated PET tracers (13) . Ideal candidates for imaging AATs would be AAs labeled with positron-emitting radioisotopes (for example, 11 C and 18 F) because they are almost chemically identical to the naturally occurring AAs. However, a common limitation to most 18 F-and 11 C-labeled AAs is their susceptibility to in vivo metabolism and, consequently, poor metabolic stability and frequent inability to produce high-contrast PET images (13) . Notably, to improve the metabolic stability, some side chain-modified AAs have been explored. For instance, [
18 F]1-amino-3-fluorocyclobutane-1-carboxylic acid (FACBC) and its derivatives, featured by their unusual four-membered ring, were developed as markers of the alanine-serinecysteine transporter (ASCT) (14) . Because of their strong resistance to in vivo metabolism, FACBC analogs allow the detection of several ASCT-overexpressing cancers (for example, prostate cancer) (15) . Nevertheless, the design of FACBC is rather unique and cannot be applied to other radiolabeled AAs. So far, nearly all radiolabeled AA PET tracers are useful only for intracerebral diagnosis because of their high nonspecific uptake in all normal tissues other than the brain (16) .
In addition, the overall synthesis of radioactive AAs is challenging. One approach is to label carboxylate (-COO − ) with 11 C, which is a cyclotron-produced radioisotope widely used in clinics. This approach, however, is often stepwise and suffers from the rapid decay of 11 C (t 1/2 = 20.3 min). Thus, an onsite cyclotron is generally required, and the resulting radiotracer must be used soon after preparation-all of which make routine use of 11 C-labeled AAs logistically difficult. Another approach is to label 18 F on a side chain of an AA (17, 18) , which is favored because of the easier access to and longer half-life of 18 F (t 1/2 = 109.7 min). However, the side chain is sensitive to even minor modification, and this strategy results in lower target specificity because the chemically modified AA will no longer behave as its parent compound. In addition, the development of 18 F-labeled AAs is also limited by the difficulty in chemical synthesis and radiolabeling (18, 19) . Until now, no general 18 F labeling strategy has been available for AAs, and it has not been possible to label some AAs with 18 F (table S1) . To meet all of these challenges, we substituted the carboxylate group (-COO − ) with its isosteric trifluoroborate (-BF 3 − ) ( Fig. 1) , which is not metabolized in vivo and can be readily labeled with 18 F-fluoride through the recently established 18 F- 19 F isotope exchange technology (20) . Coincidentally, the in vivo stability of trifluoroborate moiety, which is poor in general, has been substantially enhanced by the adjacent ammonium group (table S2) (21) . This design generates an entirely new type of chemicals, denoted as boramino acids (BAAs). Here, four representative BAAs have been synthesized and tested by computational modeling, cellular uptake assays, and in vivo biological evaluations. As expected, 18 F-BAAs exhibited strong AAT-mediated transportation with high specificity. In addition, 18 F-BAAs demonstrated distinctly high AAT-mediated tumor uptake and rapid clearance from normal organs and tissues. Notably, the uptake of 18 F-BAAs in inflammatory regions is almost negligible, suggesting a unique advantage over 18 F-fluorodeoxylglucose (FDG), which is now the gold standard PET tracer for clinical diagnosis.
18
F LABELING OF BAAs: ONE STEP, AQUEOUS FRIENDLY, AND HPLC-FREE As a notable advantage over 18 F-AAs, the precursors of most 18 F-BAAs can be readily purchased or simply synthesized in high enantiopurity by following the synthetic procedures described in scheme S1 (22 F-BAA protocol is operationally simple. Its features include (i) one-step reaction in aqueous solution without azeotropic drying; (ii) simple purification without the requirement of high-performance liquid chromatography (HPLC); and (iii) good radiochemical yields (>60%, non-decay-corrected, n = 5 for each 18 F-BAA), high purity (>99%), and good specific activity (>37 GBq/mmol). A plasma assay was performed to validate the stability of 18 F-BAAs. As shown in figs. S18 to S21, almost negligible decomposition was observed after incubating 18 F-BAA in plasma for 2 hours.
BAAs: THE CHEMICAL ISOSTERES OF AAs
Inspired by the uptake mechanism of 18 F-FDG, which is an 18 F-derived glucose derivative, we reasoned that a good marker of AA transportation could be derived from AA mimics. A number of mimicking strategies have been tried since the 1980s to develop AAT-inhibiting drugs. Among them, substituting carboxylate (-COO − ) by boronic acid [-B(OH) 2 ] has been the most successful because of its partial structural similarity to carboxylate (-COO − ) (23) . However, this strategy is not optimal; -B(OH) 2 is a neutral moiety, whereas carboxylate has one negative charge. Herein, we proposed to apply the negatively charged trifluoroborate to take the position of carboxylate. Encouragingly, this proposal was greatly supported by a density functional theory (DFT) structure prediction of natural AAs and their mimics ( Fig. 2A) . As shown, the charge distribution of Phe-B(OH) 2 is visibly different from that of natural Phe, whereas Phe-BF 3 exhibits nearly identical charge distribution with natural Phe. This electrostatic similarity between carboxylate and trifluoroborate was heretofore unrealized and should be applicable to other BAAs.
In addition, such an unexpected similarity also suggested that BAAs and AAs might share indistinguishable interactions with the corresponding transporters. This hypothesis was supported by a computational docking model that directly showed the binding of BAA to AATs. We started our docking study with Phe-BF 3 , which was proposed to bind to large neutral amino acid transporter 1 (LAT-1) (figs. S22 to S24). The best docking pose of Phe-BF 3 with LAT-1 is shown in , and Leu 99 were predicted to form hydrogen bonds with the trifluoroborate and amino groups of Phe-BF 3 . The key interactions between LAT-1 residues and Phe-BF 3 were conserved as predicted between LAT-1 and Phe (figs. S25 and S26). The predicted binding constant of Phe-BF 3 (K i = 60.33 mM) was similar to that of Phe (K i = 41.49 mM) (Fig. 2C) , suggesting that Phe-BF 3 interacts with LAT-1 in a similar mode to that of Phe. In addition, the docking of Leu-BF 3 to LAT-1 also showed a binding mode similar to that of Leu (figs. S27 to S29).
BAAs AND AAs ARE INDISTINGUISHABLE TWINS TO AATs
Under the guidance of computational prediction, we performed a systematic biological evaluation to explicate the AAT dependency of BAA transportation. As shown in Fig. 3B , 18 F-BAAs accumulated in cells in a time-dependent manner, and different 18 F-BAAs had distinctively different uptakes that were related to their side chains. To study the specificity of BAA transportation, we performed a competitive inhibition assay using U87MG cells in the presence of natural AAs and transporter inhibitors. After 60 min of incubation, the entries of Leu-BF 3 , Phe-BF 3 , Ala-BF 3 , and Pro-BF 3 were substantially and selectively inhibited by natural Leu, Phe, Ala, and Pro, respectively (Fig. 3C) . Moreover, the cellular uptake of Leu-BF 3 and Phe-BF 3 was efficiently reduced by 2-amino-2-norbornanecarboxylic acid (BCH), which is a classical inhibitor for system L transporters. The transportation of Ala-BF 3 and Pro-BF 3 was blocked under a sodium-free environment, which was as expected because the transportation of systems A and P is Na + -dependent. These results clearly demonstrate that cellular uptake of 18 F-BAAs relies on specific channels and shares the same transporter systems used by the corresponding natural AAs.
In addition, as illustrated in Fig. 4 (A and B) , AA transportation is an enzyme-mediated pathway, and consequently, the biological kinetics fit the Michaelis-Menten equation. By following this principle, the cell uptake of 
F-BAA PROVIDES HIGH-CONTRAST PET IMAGES IN TUMOR-BEARING MICE
Whereas in vitro assays mechanistically illustrate an AAT-specific pathway for BAA transportation, the real value of a BAA tracer lies ultimately in its ability to image AATs in vivo. 18 F-Phe-BF 3 was selected for evaluation in a pilot animal study because of its notably high cell uptake. As shown in Fig. 5 , 18 F-Phe-BF 3 accumulated specifically in U87MG xenografts to give high tumor-to-background contrast at 120 min after injection. The average tumor uptake based on the whole tumor region of interest (ROI) was 7.31 ± 0.78% ID/g, and the average peak tumor uptake, based on the hottest voxel cluster, was 13.3 ± 1.2% ID/g (n = 4). The average uptakes in the brain, bone, muscle, liver, and kidneys were much lower ( fig. S34 ). Excretion was predominantly renal, with significant clearance to the bladder and low kidney retention. Some rapid biliary excretion was noticed, leading to certain gallbladder retention.
Compared to 18 F-FDG, which is the standard PET imaging agent for cancer diagnosis, 18 F-Phe-BF 3 exhibited similarly high tumor uptake ( Fig. 5C ) but substantially lower background uptake, especially in normal brain tissue ( Fig. 5B ) and inflammatory regions (Fig. 5D ). Such high tumor specificity is highly desirable in PET imaging (13) F-labeled Leu-BF 3 , Phe-BF 3 , Ala-BF 3 , and Pro-BF 3 . Cells are incubated in sodium-free phosphate-buffered saline (PBS) buffer or co-incubated with other AAs at 25 mM for 60 min. As shown, the entry of 18 F-BAAs is channel-specific and can be inhibited efficiently by the corresponding natural AAs. therefore, 18 F-BAA may substitute for, or even replace, 18 F-FDG in detection of certain diseases.
Herein, we introduced a new class of AAT substrates-BAAswhich are beyond the naturally occurring AAs, characterized by their strong AAT specificity and versatility in mimicking various AAs. BAAs can be labeled easily with 18 F-fluorination, and they should find wide application in the development of previously unavailable PET imaging probes for clinical diagnosis, as well as in 18 F labeling of AAT-mediated pharmaceutical candidates to accelerate evaluation of their biodistribution.
MATERIALS AND METHODS
Reagents and solvents were purchased from Advanced ChemBlock, Sigma-Aldrich, Combi-Blocks, or Novabiochem. High-resolution mass spectroscopy was performed on a Waters ZQ with a single quadrupole detector, attached to a Waters 2695 HPLC column. All nuclear magnetic resonance (NMR) spectra were recorded at room temperature on a Bruker Avance 300 MHz spectrometer. Singles are presented as parts per million (ppm), and multiplicity is identified as single (s), broad (br), doublet (d), triplet (t), quartet (q), or multiplet (m); coupling constants are in hertz. Concentration under reduced pressure was performed by rotary evaporation without heating at appropriate pressure. Purified BAAs were lyophilized under high vacuum (0.01 to 0.05 torr) to give white powders. Chemistry yields refer to isolated pure chemicals, and radiochemical yields refer to non-decay-corrected radiochemically pure products.
Chemical synthesis of a-amino boronic acid/ester derivatives HPLC method. Agilent Eclipse XDB-C18 5 mm 9.2 × 250 mm semiprep column. Solvent A: water; solvent B: MeCN; 0 to 2 min, 5 to 5% B; 2 to 7 min, 5 to 20% B; 7 to 15 min, 20 to 100% B; 15 to 20 min, 100 to 5% B. Flow rate: 3 ml/min, column temperature: 19°to 21°C.
Synthesis of Leu-BF 3 . As shown in scheme S2, Leu boronic ester (26.5 mg, 0.10 mmol) was fluorinated by a cocktail of potassium fluoride (3 M; water solution, 0.10 ml), hydrogen chloride (4 M; water solution, 0.05 ml), and acetonitrile (MeCN, 0.15 ml) in a 1.5-ml Eppendorf tube. The mixture was kept at room temperature for 2 hours, and then a small amount of 18 F-fluoride (<0.1 mCi) was added to trace the desired product. After incubation for another 15 min, Leu-BF 3 was successfully labeled with 18 F-fluoride and consequently could be detected by radioactive detector and isolated through HPLC purification (fig. S1 ). The collected fractions of 18 F-Leu-BF 3 were combined and lyophilized to give a chemically pure product (figs. S2 to S4).
NMR spectroscopy: Synthesis of Phe-BF 3 . As shown in scheme S2, Phe boronic ester (15.0 mg, 0.05 mmol) was fluorinated by a cocktail of potassium fluoride (3 M; water solution, 0.05 ml), hydrogen chloride (4 M; water solution, 0.03 ml), and acetonitrile (MeCN, 0.10 ml) in a 1.5-ml Eppendorf tube. The mixture was kept at room temperature for 2 hours, and then a small amount of 18 F-fluoride (<0.1 mCi) was added to trace the desired product. After incubation for another 15 min, Phe-BF 3 was successfully labeled with 18 F-fluoride and consequently could be collected on the basis of radiation detection and isolated by HPLC purification (fig. S5 ). The collection of Synthesis of Pro-BF 3 . As shown in scheme S2, a 1.5-ml Eppendorf tube was charged with a mixture of proline boronic ester (25.1 mg, 0.10 mmol), potassium fluoride (3 M; water solution, 0.10 ml), hydrogen chloride (4 M; water solution, 0.05 ml), and acetonitrile (MeCN, 0.15 ml). The mixture was kept at room temperature for 2 hours, and then a trace amount of 18 F-fluoride (<0.1 mCi) was added to the crude extract. After incubation for another 15 min, Pro-BF 3 was successfully labeled with 18 F-fluoride and consequently could be traced by a radioactive detector and isolated by HPLC purification (fig. S13 ). The collection of 18 F-Pro-BF 3 was combined and lyophilized to give a chemically pure product (figs. S14 to S16). As shown in scheme S3, BAA (10 nmol) was resuspended in a mixture of 7.5 ml of pyridazine-HCl buffer (pH 2.0 to 2.5, 1 M) and 7.5 ml of N,N′-dimethylformamide in a 1.5-ml Eppendorf tube. The radiolabeling was started by adding 15 ml of F-fluoride water is too diluted.) The reaction was incubated at 80°C for 5 min, followed by quenching with 2 ml of deionized (DI) water. The resulting solution was loaded on preactivated C18 cartridge, and the impurities (that is, free 18 F − ) were removed by flushing with DI water (1.5 ml, twice). Finally, 18 F-BAAs were achieved in good radiochemical purity by eluting with 0.5 ml of 1:1 ethanol/phosphate buffer.
Computational docking
Homology model construction. The homology model of LAT-1 was initially constructed by using SWISS-MODEL (27) on the basis of the x-ray structure of the arginine/agmatine transporter AdiC from Escherichia coli [Protein Data Bank (PDB) ID code 3L1L] (28). The sequence alignments relied on the results from SWISS-MODEL, where gaps were manually refined. The stereochemical restraints, such as bond length and bond angle preferences, were obtained from the CHARMM molecular mechanics force field (29) . The model was then calculated through cycles of geometry optimization and molecular dynamics simulation by using the NAMD program (30) . The structure was energy-minimized using 3000 steps of the steepest descent minimization, keeping the backbone atoms constrained. The stereochemical quality of the final structure was analyzed using the program PROCHECK (31) .
Molecular docking. The AutoDock program package version 4.2.6 (32) was used to perform automated molecular docking. The Lamarckian genetic algorithm (LGA) was applied to model the interaction binding between AAs and LAT-1. In the case of molecular docking, the LGA describes the relationship between a ligand and a protein by the translation, orientation, and conformation of the ligand. These are the state variables of the ligand, and each state variable is equivalent to a gene. The state of the ligand corresponds to the genotype, and its atomic coordinates correspond to the phenotype. In the Lamarckian model of genetics, environmental adaptations of an individual phenotype are reverse-transcribed into its genotype, becoming heritable traits. Each docking cycle or generation consists of a regimen of fitness evaluation, crossover, mutation, and selection. Thus, the final solution provides a ligand conformation finely tuned to the protein (33) .
The docking area (active site) of LAT-1 was defined using the AutoDock module AutoGrid. The grid site was constrained to a 28.5-Å 3 space centered on the LAT-1 structure. The grid box included the entire binding site of LAT-1 and provided sufficient space for translational and rotational walk of the ligand. The LGA in AutoDock 4.2.6 was applied to search the conformational and orientational space of the AAs while keeping the LAT-1 structure rigid. Default parameters were used, except that the maximum number of energy evaluations was set to 1.5 × . Ten runs were performed. For each of the 10 independent runs, a maximum number of 2.7 × 10 4 genetic algorithm operations were generated on a single population of 50 individuals. Operator weights for crossover, mutation, and elitism were default parameters: 0.80, 0.02, and 1, respectively. The parameters of boron atom were selected on the basis of the published data (34) . From the simulated model, binding free energy and affinity constant were obtained, and the docked complex of AAs and LAT-1 was selected according to the criteria of interacting energies matched with geometric quality. Further energy minimization and geometric optimization were performed on the selected complex until there were no conflicts among the ligand and LAT-1.
Binding affinity prediction. On the basis of the traditional molecular force-field model of interaction energy, a score function at the level of the binding free energy was derived and adopted in the AutoDock (32) . The restriction of internal rotors, global rotation, and translation were modeled depending on the calculated number of torsion angles of the ligand. The total binding free energy was empirically calibrated on the basis of the terms stated above and a set of coefficient factors, using a set of 30 structurally known protein-ligand complexes with experimentally determined binding constants. The score function is sufficient to rank the ligands on the level of binding affinity, binding free energy (∆G binding values), and the corresponding inhibition constant (K i values). We applied this scoring approach to AAs and LAT-1, and calculated the total binding free energy and inhibition constant for these complexes.
DFT prediction. DFT structure predictions and the MEP polar surface area maps predict the charge distribution over the solvent-exposed surface of BAA and the responding AA [red, negative; blue, positive; representing a maximum potential of 0.25 atomic unit (au) and a minimum of −0.25 au, mapped onto electron density isosurfaces of 0.002 Å , and Leu99 ( fig. S27) . Presumably due to the electronic effect, the calculated binding affinity of Leu is lower than that of Phe (table S4) . The docking of Leu-BF 3 to LAT-1 shows a similar binding mode to that of Leu ( fig. S27) . However, less contact of Leu-BF 3 with LAT-1 (residues Leu 87 and Leu
99
) was observed, resulting in reduced binding affinity (table S4) . The similarity between the docking poses of Leu-BF 3 and Leu is shown in figs. S28 and S29.
In vitro experiment
Cell culture. Cell uptake assays were performed by using U87MG human glioma cells in Dulbecco's modified Eagle's medium and minimum essential medium under a humidified atmosphere with 5% CO 2 at 37°C. The culture medium was supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 mg/ml). Cells were cultured in 24-well plates at a density of 0.1 million cells per well and grown to 75% confluence.
Time-dependent cell uptake assay of 18 F-BAAs. Before the incubation, the cells were washed three times with PBS. 18 F-BAA was added at a final concentration of 2.0 mCi/ml to wells (n = 4) containing the cells, and the mixture was incubated under agitation at 37°C for 15, 30, 60, and 120 min, respectively. The cells were then washed three times with ice-cold PBS and quenched with 0.1 M NaOH, and the cell-bound radioactivity was counted using a gamma counter.
Competitive cell uptake assay of 18 F-BAAs. Before the incubation, the cells were washed three times with PBS. A series of inhibitors were added to the wells (n = 4), and the mixture was incubated under agitation at 37°C for 60 min. Methylaminoisobutyric acid (MeAIB), BCH, Phe, Ala, Arg, and Glu are inhibitors or preferentially taken by A-, L-, L-, A/ASCT-, CAA-, and X c − -type AATs, respectively. The cells were then washed three times with ice-cold PBS and quenched with 0.1 M NaOH, and the cell-bound radioactivity was counted using a gamma counter.
Concentration-dependent cell uptake assay of 18 F-BAAs. Before the incubation, the cells were washed three times with PBS times. A series of concentration gradient solutions with 1, 3, 10, 30, 100, 300, and 1000 mM 18 F-BAA were added to wells (n = 4), and the mixture was incubated under agitation at 37°C for 60 min. The cells were then washed three times with ice-cold PBS and quenched with 0.1 M NaOH, and the cellbound radioactivity was counted using a gamma counter. The K m values of 18 F-BAAs were calculated by Michaelis-Menten fitting using IGOR Pro 6.22.
Animal study
Small-animal model of U87MG tumors. All animal studies were conducted in accordance with the principles and procedures outlined in the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the Clinical Center, National Institutes of Health (NIH). The U87MG human glioma cell line was grown in Dulbecco's modified Eagle's medium and minimum essential medium, both of which were supplemented with 10% fetal bovine serum, penicillin (100 IU/ml), and streptomycin (100 mg/ml) (Invitrogen), in a humidified atmosphere containing 5% CO 2 at 37°C. The tumor model was developed in 5-to 6-week-old female athymic nude mice (Harlan Laboratories) by injection of 5 × 10 6 cells into their right shoulders. The mice underwent small-animal PET studies when the tumor volume reached 100 to 300 mm 3 (2 to 3 weeks after inoculation). Small-animal model of inflammation. The acute inflammation model was prepared by intramuscular injection of turpentine into the U87MG-bearing mice. Up to 30 ml of turpentine was injected in the caudal thigh muscles of the left hindlimb. PET imaging was performed 48 hours ( 18 F-FDG) and 72 hours ( 18 F-Phe-BF 3 ) after turpentine injection. PET study. PET scans were obtained and image analyses were performed using an Inveon small-animal PET scanner (Siemens Medical Solutions). About 3.7 MBq of 18 F-AA was administered via tail-vein injection under isoflurane anesthesia. For static acquisition, 10-min static PET scans were acquired at 30, 60, and 120 min after injection. For dynamic acquisition, 60-min dynamic PET scans were acquired, followed by late-time point scans at 2 hours after tracer injection. With the acute inflammation model, 10-min static PET images were acquired at 1 and 2 hours after injection. The images were reconstructed using a three-dimensional (3D) ordered subset expectation maximum algorithm, and no correction was applied for attenuation or scatter. For each scan, ROIs were drawn using vendor software (ASI Pro 5.2.4.0, Siemens Medical Solutions) on decay-corrected whole-body coronal images. The radioactivity concentrations (accumulation) in the tumor, heart, muscle, liver, brain, and kidneys were obtained from mean pixel values within the multiple ROI volumes and then converted to megabecquerel per milliliter. These values were then divided by the administered activity to obtain (assuming a tissue density of 1 g/ml) an image ROI-derived percentage injected dose per gram (% ID/g).
Statistical analysis
Statistical significance was determined by one-way analysis of variance (ANOVA) and Tukey's post hoc test (**P < 0.01, ***P < 0.001).
SUPPLEMENTARY MATERIALS
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